Introduction
Genetically identical individuals display a remarkable variation in phenotype. Differing histories of environmental exposure produces the phenotypic discordance. Among examples are the different fingerprint patterns of identical twins and different coat patterns and personalities between cloned animals (Jain et al. 2002; Shin et al. 2002) . The expression level of a gene, as a quantitative trait, can be considered a phenotype (Cheung & Spielman, 2002) . With the development of microarrays, genetic analysis of 'expression phenotype' has recently attracted attention (Cheung et al. 2003; Whitney et al. 2003; Oleksiak et al. 2002) . Although a fraction of expression phenotypes were successfully linked to particular genetic markers, genetic linkage or association was not found for many of them (Berm et al. 2002; Morley et al. 2004; Cheung et al. 2005) . The observed expression variation, which has been accepted as genetic variation, may contain a substantial amount of environmental diversity. Therefore, there exists a great need to characterize the contribution of environmental factors to natural variation in gene expression.
Epigenetics serves as a link between the environment and gene expression. Epigenetics refers to a set of reversible heritable changes that occur without a change in DNA sequence. The best-known epigenetic signal is DNA methylation in CpG islands, which is generally associated with silencing of gene expression. Chromatin remodelling is another important epigenetic mechanism. Chemical modification of histone tails can alter chromatin structure, which in turn influences the activity of adjacent genes. For example, the transcription of genes with acetylated histones is usually switched on. These changes may be induced spontaneously or in response to environmental factors. Increasing evidence suggests that "epigenetic modifications can be a molecular substrate for the impact of the endogenous and exogenous environment." (Petronis 2006 ). Indeed, Fraga et al. (2005) showed that monozygotic (MZ) twins have differential epigenetic patterns. Furthermore, the differences were greater in older twins, underscoring the responsiveness of epigenetics to environmental exposures. Of particular importance, epigenetics is also associated with MZ twin discordance for common diseases (Poulsen et al. 1999 , Bertelsen et al. 1977 , Bjornsson et al. 2004 . These changes in epigenetic state lead to changes in the access of transcriptional machinery to the underlying genetic code. As such, epigenetic mechanisms can allow an organism to respond to the environment through gene expression changes.
We aimed to gain a genome-wide insight into the environmental or epigenetic variation in expression phenotype. The global expression profiles of blood leukocytes from MZ twins were employed to this end (Sharma et al. 2005) . We first characterized environmentally variable or invariable genes from a functional perspective and then attempted to associate the variations with epigenetic mechanisms. In doing so, we also assessed variations among genetically unrelated individuals to compare the effect of genetic factors with that of environmental factors.
Materials and Methods
Measuring expression variations. The microarray data produced by Sharma et al. (2005) were downloaded from Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo) with the following accession numbers: GSM14480, GSM14481, GSM29053, GSM29054, GSM29055, GSM29056. These data correspond to three female MZ twin pairs (F1:F2, F5:F6, and F7:F8, following the notation by the original authors). They belonged to a similar age group (20-23 yr), lived close to each other, and had similar nutrition habits and professions. Blood leukocytes were obtained at the same time of day. Expression variation was calculated for each gene by a log ratio between the expression values. Within-pair variation was given by averaging the three ratios for the three pairs:
To estimate experimental variation, we used the data for three replicates of the same individual (GSM14477, GSM14482, GSM14485).
Identification of housekeeping genes. We measured expression breadth of a gene as the number of tissues where the gene is expressed. Whether or not a gene is expressed in a tissue was determined as previously described (Su et al. 2004 Positional effects on gene expression. Each transcript was mapped to the human genome.
Expression variation correlation between neighboring genes was calculated. The significance of the correlation was estimated by permuting gene order on the genome. The permutation was repeated 10,000 times. Gene density was defined as the inverse of the average distance between neighboring genes in a window of 40 adjacent transcripts (Caron et al. 2001) . The correlation between gene density and the average expression variation of 40 adjacent transcripts was computed and statistically assessed by the permutation test as described above.
Results

Housekeeping genes are impervious to environmental changes
Environmental variation was measured by expression differences within MZ twin pairs (within-pair variation). Expression differences between MZ twin pairs (between-pair variation)
were deemed to contain both genetic and environmental variation. We refer to them as total variation. T-tests demonstrate significant differences between environmental and total variation (p<2x10 -6 ). Fig. 1 shows the scatterplot of environmental vs. total variation. Most of the genes show a substantially higher level of between-pair variation, indicating large effects of genetic factors on gene expression. However, environmental variation is not negligible. To assess pure genetic variation, environmental components should be taken into account and distinguished from genetic components. Sharma et al. (2005) showed that housekeeping genes had a low expression variation within twin pairs. We confirmed their result: Spearman's rank correlation between expression breadth and environmental variation was significant (R=-0.242). We identified 1,605
housekeeping genes out of 9,233 genes whose tissue profile was available, in a different way than Sharma et al. (2005) . However, we reached the same conclusion that housekeeping genes exhibit markedly low environmental variations. It may be that the different histories of environmental exposure between individuals only play a minor role in expression polymorphisms of housekeeping genes. These results are not surprising considering their essential functions for cellular maintenance. Random changes in expression level as well as in amino acid sequence should be minimized. On the other hand, between-pair variation did not negatively correlate with expression breadth (R=0.088). Thus, it is likely that housekeeping genes may be subject to genetic effects while remaining resistant to environmental stimuli.
Functional classification of the genes sensitive to environmental stimuli
To gain insights into functional aspects of environmentally-susceptible expression phenotypes, we grouped genes into Gene Ontology (GO) categories. The average environmental variation for each category was calculated and normalized as a z score. The z score indicates the deviation of the average variation of the genes in that category from the average variation of all genes in any category. Therefore, a high z score for a category means that the genes in that category rank high in expression variations. The z scores for total variation and for environmental variation are shown in Supplementary Of great importance are genes involved in cell differentiation and development.
Phenotypic discordance between MZ twins can be best explained in terms of differences in developmental processes. Here we show that the expression polymorphisms of developmental genes, which can contribute most to phenotypic discordance, are highly affected by environmental differences. Functions associated with response to external signals are also enriched in the list. Examples include genes located in the extracellular region and those involved in hormone activity, sensory perception, etc. The regulation of cell proliferation may also be affected by environmental conditions, growth signals, etc. In a dramatic contrast, apoptosis seems to rely on the intracellular state independently of the extracellular environment (z=-6.471 for apoptosis; z=-5.998 for anti-apoptosis; z=-4.729 for regulation of apoptosis). We also found that RNA polymerase II transcription factors show significantly high environmental variation (Table 1) . On the contrary, translation initiation factors have markedly low environmental variation (z = -3.298, see Supplementary 
Environmental effects have regional biases across the genome
There is increasing evidence that neighboring genes show similar expression patterns in species as diverse as humans (Lercher et al. 2002) , flies (Spellman and Rubin 2002) , worms (Roy et al. 2002) , and yeast (Cohen et al. 2000) . The role of higher-order chromatin structure has been suggested in respect of these patterns. Here we first asked whether neighboring genes maintain similar levels of environmental changes in expression. Spearman's rank correlation of environmental variations between neighboring genes on the real genome was highly significant as compared to that on randomly permuted genomes ( Fig. 2A) . These findings imply that environmental effects have regional biases in the genome, creating hot and cold regions with housekeeping genes probably located in the cold ones. More interestingly, the hot domains tend to be rich in genes while the cold domains poor in genes: we observe a strikingly high correlation between gene density and environmental variation (Fig. 2B ). This suggests that the expression of dispersed genes may be prone to environmental stimuli while that of clustered genes may be resistant.
Experimental variation was calculated from three replicates of the same individual. We observe marginal correlations as indicated by the short arrows in Fig. 2 . Considering that high expression levels tend to produce low variations, the correlations are possibly due to the clustering of highly expressed genes (Caron et al. 2001) . However, as shown in Fig. 3 , this effect seems only marginal. Moreover, Lercher et al. (2002) showed that the apparent clustering of highly expressed genes is an artifact of the clustering of housekeeping genes.
Housekeeping genes exhibit low environmental variation. Does the clustering of housekeeping genes explain the biased distribution of environmental variation? Lercher et al. (2002) were not able to find chromosomal dispersion of tissue-specific genes. A significant correlation was not found between expression breadth (b) and gene density (d), R bd = 0.042.
From our data, the correlation of expression breadth (b) and environmental variation (v) was found to be R bv =-0.242. Therefore, we cannot expect R bd and R bv to produce the correlation of gene density (d) and environmental variation (v), R dv =-0.498. Taken together, the clustering and dispersion of environmentally invariable and variable genes cannot be explained by expression level effects or expression breadth effects.
Aside from environmental effects, gene expression is greatly affected by genetic factors (as shown in Fig. 1) . Surprisingly, however, we observed that the correlations for total variation were almost the same as or only marginally higher than those for environmental variation (R=0.125 and 0.106 for the correlations of neighboring genes; R=-0.506 and -0.498 for the correlations with gene density, shown in Fig. 2A-B ). This suggests that environmental factors alone should create the biased distribution of expression variations on the chromosomes.
Genetic polymorphisms seem to make little or no contribution to the regional biases. On the assumption that the distribution of genetic polymorphisms over the genome has a similar pattern with that of somatic mutations, we can also rule out the effect of somatic mutations. If this is the case, environmental factors may act mainly through epigenetic mechanisms. Aside from this speculation, the accumulation of genetic mutations is expected to occur at a much slower rate than that of epigenetic mutations (Fraga et al. 2005) . First, the consequences of genetic mutations are probably more dramatic in the survival of cells. Second, cells have correction mechanisms for genetic mutations, but not for epigenetic defects. Indeed, epigenetic mutations in aging mouse tissues were shown to be two orders of magnitude greater than genetic mutations (Bennett-Baker et al. 2003) . Therefore, we can safely rule out genetic effects (genetic polymorphisms) and environment-gene interactions (genetic mutations), leaving environmental effects (epigenetic mutations) alone.
Potential role of epigenetics in regional biases of environmental variation
How is epigenetics associated with the regional biases in expression variation? A study by Gilbert et al. (2004) (Lercher et al. 2002) .
We also made use of the data of Kim et al. (2005) . They detected active promoters using Fig. 1 ). As an example, chromosome 7 is shown in Fig. 3 .
Again, the similar pattern between environmental and total variation indicate that the chromosomal distribution of expression variation should result from epigenetic, not genetic, factors. These findings hint that the effect of gene distribution on expression variation might be attributable to epigenetics such as chromatin structure. Chromatin structure of high density regions may constitutively remain in an active configuration to assure the constitutive activation of housekeeping genes. By contrast, epigenetic states of low density regions may undergo sporadic changes in response to internal or external signals. The consequent alteration in the expression of the underlying genes may lead to variations in phenotype, which are subject to selection under environmental pressure. Selected epigenetic phenotypes of progenitor cells can be inherited through many cell divisions to give rise to expression variations between cell populations from individuals.
Discussion
Our study demonstrated chromosomal location effects on variations in gene expression.
Surprisingly, environmental components were able to account for most of the positional variation in gene expression changes. Genetic variation, although responsible for much expression variation, does not seem to contribute to the regional biases in it. These findings support the key role of epigenetics, adding to a growing body of evidence that it mediates the translation of environmental signals into biochemical changes. Importantly, we proposed that epigenetic changes tend to occur in gene-poor regions, which are mostly maintained in an inactive chromatin state.
The extension of primary sequence organization to 3D chromosomal structure may provide another clue for understanding the effect of gene distribution on environmental expression variation. At the chromosomal level, most gene-dense regions of the human genome are preferentially located in the nuclear interior with gene-poor regions located progressively towards the nuclear periphery (Boyle et al. 2001) . This is in accordance with the most widely known feature of genomic 3D organization, namely the differential enrichment of euchromatin and heterochromatin in the nuclear interior and periphery, respectively. These patterns tend to be recapitulated by local chromosomal regions, where gene deserts are located more peripherally while gene clusters aggregate and locate themselves more centrally (Shopland et al. 2006 ). Gene expression was also shown to correspond with these patterns (Lukasova et al. 2002) .
The effects of chemical, electrical, and mechanical signals from the outside of the nucleus may be reduced progressively towards the nuclear interior. In this regard, it is tempting to postulate that chromatin modifications and subsequent gene expression changes may frequently occur in exposed gene-poor regions rather than interior gene-rich regions.
Epigenetic variation can be also generated by stochastic events during development and aging (Bennett-Baker et al. 2003; Barbot et al. 2002) . Stochastic variations can possibly occur without any specific environmental effect (Petronis 2006) . Since our study focused on the MZ twins who usually lived in the same macro-environment, some of the observed expression changes may be attributable to stochastic alterations in epigenetic patterns (Richards 2006 Although we are convinced of the role of epigenetics, further experimental evidence should be pursued. First of all, the correlation of gene distribution pattern and epigenetic variation should be confirmed by experiments. There is a need of global high-density measure of epigenetic differences between MZ twins. Also, it should be determined if they are coupled with gene expression divergences. Further, it would be of great interest to see if epigenetic variations are higher in chromatin regions located towards the nuclear periphery rather than the interior. Interestingly, Fraga et al. (2005) showed that most epigenetic changes between monozygotic twins are found at repeated and heterochromatic DNA regions, which tend to be located near the nuclear periphery. High environmental variations observed in gene-poor regions may be linked to the frequent epigenetic changes of heterochromatic regions that may be close to environmental signals from the outside of the nucleus. Another issue to be dealt with is the characterization of pure stochastic variation which is independent of environmental stimuli. Correlation between gene density and expression variation. Gene density was defined as the inverse average distance between neighboring genes in a window of 40 adjacent transcripts.
The average expression variation was calculated in the same window. The left arrow is for total variation (R=-0.506) and the right for environmental variation (R=-0.498). Gene density (log)
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